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Abstract
Novel aluminum and indium doped zinc oxide bilayer transparent conducting oxide thin films
have been developed by simple  sol gel spin coating and annealed at 500 C for an hour under
nitrogen ambient towards solar cell applications. The structural, electrical and optical properties
of both the  as deposited and annealed  bilayer  thin films are characterized.  X-ray diffraction
studies  showed a hexagonal wurtzite-type structure of ZnO with (002) orientation, which was
enhanced with annealing.  In atomic force microscopy studies  minimum surface roughness is
attained for the Al-doped ZnO/In-doped ZnO bilayer TCO films. The best Al-doped ZnO/In-
doped ZnO films had  sheet  resistance of 0.057 M ohm/square and the films had an average
transmittance in the visible region over 90%. Further results are discussed with single and bilayer
structure. 
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I. INTRODUCTION
Transparent conducting oxides (TCOs) have been widely used for various kinds of optical and
electrical devices due to their excellent combined electrical conductivity and optical transparency
in the visible range of the electromagnetic spectrum [1]. Currently, the different types of TCO
structures such as TCO/Metal/TCO and TCO/TCO have been proposed to enhance the TCO
properties towards solar photovoltaic (PV) applications [2, 3]. The dominant TCO is indium tin
oxide (ITO) as it shows moderate electrical resistivity and good transmittance in the visible range
[4]. However, indium availability is a challenge, which has led to a rise in costs of this material
every year [5]. There is thus a need to find a low-cost material for replacement of ITO. Among
these  materials,  zinc  oxide  (ZnO),  which  has  excellent  electrical,  optical,  mechanical,  and
chemical  sensing properties,  as well  as thermal  stability  and more widespread availability  in
earth (and concomitant lower costs of the material), has been widely used for a wide array of
practical applications such as gas sensors, catalysis, liquid crystal display, light emitting diodes,
electronics, solar PV cells, and transparent electrodes [5, 6]. Aluminium doped ZnO (AZO) and
indium doped ZnO (IZO) films are attractive candidates in the  opto-electronic industry due to
their excellent electrical and optical properties [7, 8] and have attracted attention to replace the
ITO films with low cost [7, 9]. AZO has attained high thermal stability, lowest sheet resistance,
highest optical transmission, while the chemical sensitivity and mechanical properties are similar
to the ITO [9, 10]. Zhao  et al. prepared the AZO films by spin coating method and annealed
using forming gas (H2:N2) ambient, they achieved necessary electrical and optical properties for
solar cell applications [11]. Likewise, IZO thin films exhibit superior electrical conductivity and
optical transmission in the visible region and is widely used for device applications [12]. Hence
AZO and IZO thin films have become the most attractive materials in the past decades [13, 14].
To  build  on  this  past  work,  the  main  motivation  of  the  present  work  is  to  investigate  the
alternative TCO bilayer composed films to substitute the ITO films.
II. EXPERIMENTAL
The AZO and IZO layers were prepared by sol-gel process [5]. The dopant level of aluminum in
zinc is 1.5 at %. The solution is aged for 24 hours at room temperature. Then the single layer
AZO precursor solution was spun on the cleaned glass substrate at a rotation speed of 3,000 rpm
for 30s in air. The wet precursor films were placed on a hot plate for 10 minutes at 400   oC in air
to evaporate the solvent and annealed at 500 C for an hour under nitrogen ambient. 
III. RESULTS AND DISCUSSIONS
Fig.  1(A).  depicts  the  ZnO, AZO, IZO, AZO/IZO and IZO/AZO films annealed  in  nitrogen
ambient at 500 oC for an hour. The results show that all the films had the expected hexagonal
wurtzite structure of ZnO. They were highly oriented along the (002) plane and it indicates the
preferred orientation along the crystallographic c-axis and perpendicular to the glass substrate. 
The minor higher angle shift was exhibited for the AZO, AZO/IZO and IZO/AZO films (shown
in  the  Fig.1  B).  A similar  trend  has  been  reported  for  AZO films  deposited  by  magnetron
sputtering [15]. However, the IZO showed a lower angle shift and it was ascribed to the change
in the ionic radius of Zn2+ (0.074 nm) and In3+ (0.080 nm)  [16, 17], which induced stress in the
IZO films. The crystallinity of the films were changed with respect to the single layer and bilayer
AZO and IZO films as the crystalline nature of the AZO/IZO films increased over the single
layer.  In  this  present  results,  the  observed  diffraction  lines  were  in  good  agreement  with
previously reported results [18]. The full width at half maximum values obtained such as 0.38,
0.37,  0.45,  0.40  and  0.42o for  ZnO,  AZO,  IZO,  AZO/IZO  and  IZO/AZO  nanostructures,
respectively and its reflected grain size values are shown in Table 1. 
Fig. 2 (a-d) depicts the surface topography from atomic force microscopy (AFM) of AZO, IZO,
AZO/IZO and IZO/AZO thin films, which were annealed at 500 C in nitrogen ambient for an
hour. From the result, it is observed that the surface roughness (rms) value of the AZO, IZO and
AZO/IZO and IZO/AZO films were 4.78, 4.92, 15.58 and 26.19 nm, respectively. The roughness
of the films were increased with respect to the thickness of the TCO film. Similar trends has been
observed for the bilayer AZO films deposited by pulsed laser technique and the roughness was
increased upto 30.74 nm [19]. The highest roughness value was attained for IZO/AZO films. Fig.
2 (c) indicates that the IZO layer was entirely covered by the AZO layer as most of the IZO
surface spikes were covered with AZO layer. So it decreases the surface roughness of AZO/IZO
bilayer  TCO  film  and  enhance  the  transmission  properties.  The  heat  treated  AZO  layer
microstructure  was  increased  with  more  porosity  and  it  showed  a  highest  average  optical
transmission in the visible range [20]. 
The sheet resistance values of ZnO, AZO, IZO, AZO/IZO and IZO/AZO films was measured
using four probe technique. From the observed values, the minimum sheet resistance was 0.057
M Ω/ achieved for the AZO/IZO bilayer TCO annealed in nitrogen ambient and the highest
value (104.20 M Ω/ ) was attained for the as deposited ZnO film. Similar results have been
reported for CdO/ITO coated on glass substrates [21]. The optical transmittance spectra for the as
deposited and  nitrogen  ambient  annealed  TCO  films  are  shown  in  Fig.3.  (A)  and  (B),
respectively.  Fig.3 (A) and (B).  shows all  the  as  deposited and annealed  TCOs films which
attained more than 95% in the visible region (400-800 nm) of the electromagnetic spectrum. The
typical transmittance spectrum clearly indicates that the observed values were in the range from
96 to 97%. In these results, the highest optical average transmittance 97.92 % was observed for
as deposited ZnO films. Duan et al. reported the oxygen and nitrogen ambient annealed Mg, Al,
and Co doped ZnO thin films exhibited the highest optical transmittance, which is compared to
the vacuum annealed  films [22].  The sol  gel  method based AZO films exhibited  the lowest
resistivity1.8 × 10−3 Ω cm and higher optical transparency 90% wavelength over 400 nm [11].
Compare to the AZO film result,  this present AZO/IZO bilayer structure observed the higher
optical transmittance and sufficient sheet resistance for solar cell applications. The extrapolation
of ( h)2 vs h plots (not shown here) and the linear region of the graph to the axis gives the
band gap energy of the respective material [23]. The estimated band gap values varied from 3.22
to 3.30 eV and the values  depend on the different layers and annealing nature of the bilayer
films. In this present work, we have observed the optical band gap of as deposited ZnO films at
3.28 eV, which is in good agreement with previously reported band gap values of the ZnO thin
films [23]. Here, the highest optical band gap observed (3.30 eV) was for AZO nitrogen ambient
annealed films. Lin et al. reported a blue shift increases with the increment of the Al/Zn ratios
[10].  The AZO has been found to be the highest value compared to the intrinsic value. Also, the
projected IZO band gap was 3.26 eV for as prepared and annealed films.
 
IV. CONCLUSION
In summary, novel AZO/IZO and IZO/AZO bilayers TCOs using simple cost-effective  sol gel
synthesis annealed under nitrogen ambient have been developed towards solar cell applications.
From the structural results, it is clear the films were oriented along the (002) reflection with the
hexagonal  wurtzite  structure.  The  AFM  result  shows  the  minimum  surface  roughness  was
obtained for  the  AZO/IZO bilayers.  In  the electrical  and optical  results,  the  minimum sheet
resistance  (0.057  M  Ω/)  and  highest  average  transmission  96.80%  was  detected  for  the
AZO/IZO bilayer TCO film. All the prepared TCO films, the AZO/IZO films were observed to
have good electrical and optical properties and it could be used as TCO electrodes for solar cell
applications after the hydrogen annealing treatment. However, more optimization and hydrogen
ambient annealing treatment is required to improve electrical properties of the bilayer structures
to utilize for specific applications.  
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Figure Captions
Fig. 1 (A). XRD patterns of ZnO, AZO, IZO, AZO/IZO and IZO/AZO thin films annealed at nitrogen 
ambient (B). enlarged XRD spectra for single layer and bilayer TCO films
Fig.2. AFM 3D images for (a) AZO (b) IZO (c) AZO/IZO and (d) IZO/AZO thin films annealed 
in nitrogen ambient
Fig.3. Optical transmission spectra measured for (a) as deposited and (b) annealed TCO single 
and bilayer films
a b
c d
Table Captions
Table.1. Structural parameters of ZnO,AZO,IZO and AZO/IZO and IZO/AZO TCO films
Sample d
Spacing
(Å)
Lattice
Constant
(Å)
Grain
size
(nm)
Micro
Strain
()
Net
Lattice
Distortion
Bond
Length
(Å)
ZnO 2.605 5.210 22 0.090 0.0010 1.98
AZO 2.603 5.205 23 0.087 -0.0006 1.97
IZO 2.609 5.217 19 0.107 0.0023 1.98
AZO/IZO 2.604 5.208 21 0.096 0.0005 1.97
IZO/AZO 2.604 5.208 20 0.099 0.0005 1.97
